In thermally bonded bi-component fibre nonwovens, a significant contribution is made by bond points in defining their mechanical behaviour formed as a result of their manufacture. Bond points are composite regions with a sheath material reinforced by a network of fibres' cores. These composite regions are connected by bi-component fibres -a discontinuous domain of the material.
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Abstract:
In thermally bonded bi-component fibre nonwovens, a significant contribution is made by bond points in defining their mechanical behaviour formed as a result of their manufacture. Bond points are composite regions with a sheath material reinforced by a network of fibres' cores. These composite regions are connected by bi-component fibres -a discontinuous domain of the material.
Microstructural and mechanical characterisation of this material was carried out with experimental and numerical modelling techniques. Two numerical modelling strategies were implemented: (i) traditional finite element (FE) and (ii) a new parametric discrete phase FE model to elucidate the mechanical behaviour and underlying mechanisms involved in deformation of these materials. In FE models the studied nonwoven material was treated as an assembly of two regions having distinct microstructure and mechanical properties: fibre matrix and bond points. The former is composed of randomly oriented core/sheath fibres acting as load-transfer link between composite bond points.
Randomness of material's microstructure was introduced in terms of orientation distribution function (ODF). The ODF was obtained by analysing the data acquired with scanning electron microscopy (SEM) and X-ray micro computed tomography (CT). Bond points were treated as a deformable two-phase composite. An in-house algorithm was used to calculate anisotropic material properties of composite bond points based on properties of constituent fibres and manufacturing parameters such as the planar density, core/sheath ratio and fibre diameter. Individual fibres
Introduction
Thanks to their beneficial material properties, such as, high formability and improved resistance to impact, interest in application of textile composites is continuously increasing, for instance, in automotive and aerospace industry [1] . As compared to woven composites, the nonwoven composites have been getting more attention, which is evidenced by a rapidly growing number of patents in recent decades. The reason for this attention from academia and industry lies in several advantages attributed to nonwoven composites such as low cost and quicker manufacturing of nonwovens along with better control on fibres orientation-based properties [2] . Despite this importance and enormous research in this field, there is no adequate design tool for nonwoven composites. One of the main challenges in this is insufficient understanding of a complex mechanical behaviour of the nonwoven fabric [3] [4] [5] especially in thermally bonded bi-component fibre nonwovens, in which bond points behave like a composite themselves. Therefore, this research is focussed on mechanical behaviour of thermally bonded bicomponent fibres nonwovens.
Such materials can be manufactured by embedding a nonwoven web, bonded with any of three main techniques: chemical, mechanical or thermal, into a matrix to achieve a necessary combination of properties. This study is focussed on a type of nonwovens, which were thermally bonded by calendering using core-sheath type bi-component fibres as shown in Fig. 1 . Thermal bonding is the most widely used technique for manufacturing of nonwovens [2, 6] . During thermal bonding, fibres are passed through hot calendar rolls with smooth or embossed surface design. Bonding occurs at raised areas of the embossed calender under pressure and high temperature by partial melting and 3 subsequent solidification of fibres. The molten sheath material that has a lower melting point acts as adhesive while core parts of the fibres remain fully intact in the bond spots, thus forming them with a two-phase composite structure with matrix and fibre reinforcement. The bonding process results in two distinct regions, namely, bond points and a fibre matrix, as shown in Fig. 2 . The same technique with smooth calenders can be used for the manufacturing of composite sheets using nonwovens as precursor [7] . Therefore, this study is focussed on calendar-bonded nonwovens. Due to a multi-scale nature of nonwovens, both continuous and discrete modelling approaches to their analyses were used in the literature. Continuous phase models provide the benefit of using a standard finite element method. Still, they provide a macroscopic response of the material without 4 sufficient information about underlying mechanisms defining their mechanical behaviour [8] [9] [10] . In contrast to continuous phase models, discrete models of nonwovens were applied at the level of unit cell in combination with homogenization approach [11, 12] . These models do not represent the microstructure reslistically and cannot be used to understand the structure-properties relationship of nonwovens. Other discrete phase models developed by the authors employed direct introduction of individual fibres according to the experimentally measured orientation distribution [13] [14] [15] [16] [17] . These models incorporate randomness in structure of nonwovens into the model to predict their anisotropic behaviour. As a result, they are capable to provide information about structural evolution and other main aspects of the fabric's mechanical behaviour. All these models were either developed to deal with mono-component fibre nonwovens or based on a traditional continuous phase modelling technique, which could predict only a macroscopic response of the composite fabrics. To the authors' knowledge, none of the model in literature based on discreet modelling deal with thermally bonded bi-component fibre nonwovens, which make a special type of structure consisting of composite domains connected by a network of fibres.
In this paper, a novel modelling strategy based on a discrete phase modelling approach is presented to characterise the mechanical behaviour of textile composite nonwovens formed by bi-component fibres. The modelling process started with determining morphological and mechanical properties of the fabric and its constituent fibres. Bond points were modelled as continuous structure, with their mechanical properties obtained by a special developed in-house algorithm. Fibres between the bond points were modelled directly according to their orientation distribution forming the discontinuous part of the model. This approach is juxtaposed with simulations employing a traditional FE model.
Experimentation
Fabric Behaviour
The morphological features and mechanical behaviour of a 35 g/m 2 bi-component fibre nonwoven, which is a focus of our study, were obtained by performing various analysis and tests. The fabric was scanned with X-ray Micro Computed Tomography (CT) and observed with SEM to acquire the information about its microstructure. The data about the size, shape and pattern of bond points and thickness of fibrous matrix and bond points were collected directly from the captured images. The bond points of the fabric were similar to those in Fig. 2 . Table 1 provide information about the measured size, shape and pattern of bond points. In the images of the fabric at micro level, it was observed that the diameter of the fibres was not constant along their length; this variation is a result of the manufacturing process. Mechanical characterization of the fabric was implemented employing uni-axial tensile tests on rectangular coupons of the fabric with 15 mm x 10 mm dimensions using cut-strip grab test method [18] . In order to capture anisotropy of the material, tensile tests were performed in MD and CD directions. The results of uni-axial tests in terms of force-displacement curves are given in Fig. 3 demonstrating a scatter in experimental results due to random microstructure of the fabric. The deformed shape of the fabric at extension of 50% is shown in Fig. 4 . At that level of fabric's extension, misalignment of bond points e.g. breaks of bond points lines in the initial pattern can be observed. The reason for this is a random orientation distribution of fibres. One of the main deformation process of nonwoven is re-orientation of fibres towards the loading direction during extension [16, 17] , and their final position depend upon their initial orientation, leading to randomness in displacement of bond points. 
Single-fibre Behaviour
Fibres are a basic constituent of the fabric and play an important role in determination of its mechanical properties. The type of bi-component fibre nonwoven in this study is composed of core/sheath type fibres ( Fig. 1 ) with the polymer used for their core region having a higher value of the elasticity modulus than the one of sheath region.
Generally, the mechanical properties (elastic-plastic behaviour) of a single fibre can be obtained by performing tensile tests on fibres and its mechanical behaviour can be derived from that of its core and sheath regions using the Rule of Mixture (RoM). In thermally calendered bonded nonwovens, fibres are passed through hot calendar rolls with smooth or embossed surface design.
Bonding occurs at raised areas of the embossed calender under pressure and high temperature by partial melting and subsequent solidification of fibres. Since high temperature variation is involved in thermal bonding process which affects the mechanical behaviour of polymeric fibres, therefore, using the Rule of Mixture (RoM) with the polymer properties available in literature to compute the mechanical behaviour of fibres is not suitable. The mechanical properties of the fibres within thermally bonded nonwovens are obtained experimentally.
As a typical example, a Polypropylene/Polyethylene (PP/PE) core/sheath bi-compoent fibre with diameter of 23 µm, extracted from a free edge of 35 g/m 2 of fabric is studied here. Each of both materials -PP and PE-occupy 50% of the cross-sectional area of the fibre. Instron Micro
Tester 5848 was used to perform the single-fibre tensile tests; the details of procedure are given in [15] . Figure 5 shows a typical behaviour of polymer bi-component fibres obtained with the tensile tests at different strain rates. The difference in curves is linked to viscous properties in the material.
Since fibres of the network between the bond points were modelled explicitly, the properties obtained with the single-fibre tensile tests were directly assigned to them. The influence of singlefibre material properties on the mechanical behaviour of the nonwoven network was incorporated by assuming fibres as isotropic, elastic-plastic with piece-wise linear hardening. The total strain of the fibre was a combination of elastic and plastic contributions. In the elastic region, stresses in the 8 fibres as a function of strain can be obtained by relating these two using the elastic modulus, whereas the von Mises yield criterion was used for the onset of plastic deformation. the incremental stress-strain relation in fibres in elastic region is given as (Simo and Hughes, 1997;
MSC. Marc, 2013):
where E is the Young's modulus. Using the flow stress definition based on 
where p d and d are equivalent plastic strain and equivalent stress. The time-dependent behaviour of the fibre was modelled by using single-fibre creep data in conjunction with plasticity.
The equivalent creep strain-rate was then assumed to be a piece-wise linear approximation, expressed as:
where A is a constant;  is equivalent stress, c  equivalent creep strain and t is time. The details of material modelling process are given elsewhere [17, 19, 23] . The properties of composite bond points consisting of core fibres and sheath matrix were computed with a specially developed Matlab code, which is discussed in next section.
9 given in [20] . As expected, the calculated distribution of fibres (Fig. 6 ) demonstrates their preferential orientation along MD. 
Mechanical Properties
Thermally calendered bonded nonwoven consists of two regions -bond points and fibrous matrix -as shown in Fig. 2 ; the properties of both regions are required for successful implementation of the finite-element model. The mechanical properties of the fibrous matrix were obtained based on the single-fibre tensile tests. Since fibres were introduced explicitly into the model and carry only the tensile load, as discussed in modelling section, the properties obtained from the single-fibre tensile tests such as the Young's modulus and flow curve were used to model the behaviour of fibres in the matrix region. However, the properties of composite bond points were obtained by using a specially developed Matlab code. In fabric, a bond point is attached to various fibres and can undergo loading in various directions at a time, therefore, only the tensile data obtained from uniaxial single-fibre tests is not sufficient to model the directional dependent material behaviour of composite bond points. Therefore, RoM is used to obtain the properties of bond points.
Additionally, the properties of composite bond points are characterised by the orientation distribution of fibres which is also considered while computing the properties of bond points.The input parameters required to assess the mechanical properties of composite bond points based on 11 several types of data such as manufacturing parameters, properties of constituent fibres and properties related to raw form of polymers used for core and sheath material. The full list of the required paramerts is given in Table 2 . In order to calculate these properties, first, the level of orthotropy based on the ODF was calculated by using the following equations: 
Where core E and sheath E are the elastic moduli of core and sheath materials, respectively. TD E is the modulus of elasticity in transverse direction and core V is the volumetric fraction of fibres in composite bond points. The in-plane shear modulus of bond points was calculated by using the following Halpin-Tsai equations [21] : 
where LT G is the shear modulus of bond points, core G and sheath G are the shear moduli of core and sheath materials, respectively. The orthotropic elastic mechanical properties of the bond points analysed using the input parameters mentioned in Table 2 , are given in Table 3 . In order to model the anisotropic mechanical behaviour of nonwoven in plasticity, the required flow curves of the composite bond points were obtained by normalizing the flow curves of the constituent bicomponent fibres of fabric using the orthotropic ratios obtained from ODF as normalization factor. According to the normalization, the flow curve ( i  ) for MD and CD is calculated as follows:
where f  and f A are the flow curve and cross-sectional area of the fabric; n is the number of the fibres per 1 mm 2 fabric area; i C is the orthotropic ratio related to the principle direction of the flow curve denoted by i , and t is the thickness of the region. Finally, the flow curve of bond points in TD is assumed proportional to that in MD according to
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Where TD  and MD  are the flow curves, TD E and MD E are the elastic moduli of bond points in TD and MD, respectively. TD MD / EE represents the ratio of tensile performance in TD to that in MD. Flow curves of bond points assessed with the developed algorithm are given in Fig. 7 . The deformation behaviour of the thermally bonded nonwoven fabric in this study is mainly governed by plasticity; therefore, the curves obtained by the algorithm are in plastic strain range. The properties of the composite bond points would be effected by the core/sheath material and manufacturing parameters. The developed program being fully parametric accounts for this.
The flow chart of the process of obtaining inputs for the FE model is shown in Fig. 8 . The development of the discrete phase FE model is given in the next section. where is the fibre material density, is the fibre's cross-sectional area, is the mass of fibres within the modelled part of fabric. was calculated by multiplying the fabric density (20 g/m 2 in this study) with the surface area of the modelled fabric sample. Then, the number of fibres to be modelled was calculated by the following relation:
where is the number of fibres to be modelled and is the length of a staple fibre.
The details of calculation of the number of fibres are given in [15, 22] . The process of generation of the model with bond points connected by the fibres between them according to their orientation distribution was performed with a subroutine written in Patran Command Language (PCL). This subroutine based on the parametric modelling technique makes it easy to reformulate the model to incorporate the variation in size, shape or pattern of bond points or orientation distribution of fibres.
The steps involved in the subroutine for the modelling process are shown in Fig. 9 .
The finite-element model was implemented in this study using MSC. assigned to the corresponding elements. These material properties were validated before modelling the deformation behaviour if nonwovens, detail given elsewhere [16] [17] . Due to anisotropic nature of the fabric caused by the preferential orientation distribution of fibres, two models -along MD and CD-were prepared; the length of the modelled specimens was 15 mm, their width was 10mm.
The geometry and pattern of the bond points and fibrous matrix connecting them in the model were similar to those of the actual fabric as shown in Fig. 10 .
Boundary conditions appropriate for uni-axial tensile testing were applied in the model (Fig. 11) . In order to compare and validate the numerical results with experimental data, the boundary conditions 17 implemented in the FE model were identical to those used in the tensile tests. The transverse contraction of the fabric was constrained at both ends -A-b and X-Y in Fig. 11 and 12 -to simulate the grip effects. Nodes on A-B side were fixed whereas a constant engineering strain rate of 1.0 1/s was applied to the nodes on X-Y side ( Fig. 11 and 12) . 
Continuous phase model
In order to better understand the capabilities of the novel discrete phase model, its results were compared with those obtained with a continuous phase FE model developed in [20] . The model is briefly described here. In this model, the entire speicmen (including bond points and fibrous matrix) of the studied nonwoven is meshed with four-node thin shell elements. Appropriate thickness of bond points and fibrous matrix, obtained from CT scan images of the fabric, was assigned to the corresponding elements in the model in a way that it replicates the real fabric structure as shown in Fig. 10b . Orthotropic mechanical properties obtained with a specially developed algorithm, as mentioned in Section 4.1, defined the material behaviour of shell elements used to model bond points. The randomness of fibres orientation between bond points is considered by this algorithm while computing the material properties. The properties of fibrous matrix region were obtained by using the same RoM as in the bond points. However, the behaviour of matrix region in thickness direction was computed by considering a very small nonzero thickness. The flow curves for this region were obtained by normalizing the flow curve of single fibres using the orthotropic ratios obtained from the ODF as normalization factor. The complete details of computation of properties for both regions -bond points and fibrous matrix -are given in [20] .
To allow comparability of results of this model with that of discrete phase model and tensile test data, the dimensions and boundary conditions for both models were identical ( Fig. 11 and 12 ).
Results, validation of model and discussion
The developed models were used to simulate uni-axial tensile tests in both MD and CD and the obtained results were compared with the experimental data for validation. Figure 13 shows the force-displacement curves calculated with both the models for stretching along MD and CD. The results obtained with the continuous phase model were in good agreement with the experimental data in terms of the force-displacement curve. The slight variation in the models' prediction and experimental data can be attributed to some secondary factors not accounted in the model. The major of these parameters were crimp in fibres and variation in diameter along the length of fibres.
In the simulation strategy based on modelling the fabric as continuum, explicit introduction of fibres was not possible. Thus, the model was unable to predict distribution of the stresses and strains in fibres, which is very important from the industrial point of view to produce more robust nonwovens. Besides, the random pattern of network's deformation resulting in misalignment of bond points, as shown in Fig. 4 , could not be reproduced, leading to inaccurate prediction of stresses in composite bond points. Instead, as expected, a specific pattern of bond points arrangement was observed during fabric's deformation, which was symmetric both with respect to the longitudinal axis and the line of maximum transverse contraction of the fabric shown by a yellow line in Fig. 12a . Also, the pattern of stress distribution in bond points demonstrated the same symmetry as shown in Fig. 12b .
The FE model developed employing the discrete phase simulation strategy predicted the mechanical performance of the fabric very well, which is obvious from Fig. 13 . The simulation results obtained with discrete phase models are less stiffer than those with continuous phase models and, hence, provide a better agreement with experimental data for both directions. This is explained by a better reproduction of the underpinning mechanism of the initial stages of deformation:
rotation of fibres towards the direction of stretching. Apparently, this mechanism cannot be incorporated directly in the continuous phase models. Still the models predicted slightly stiffer 20 initial behaviour than the one observed in the experimental results due to secondary factors discussed above.
The shapes of the both types of deformed models were in good agreement with experimental observations. The transverse contraction of the fabric from the grips at its each end increased gradually, and the maximum contraction was occurred at the specimen's centre. However, the reorientation of fibres along the loading direction during fabric's deformation, similar to the observed in experiments, was obtained only by discrete phase model as shown in Fig. 14. This reorientation of fibres connecting the bond points of the fabric resulted in random displacements of bond points as shown in Fig. 11 . Once the fibres were aligned along the loading direction, they underwent stretching resulting in stresses in bond points connected to them. Continuous phase model showed almost similar level of transverse contraction in both MD and CD as shown in Fig.   14a and 14b which is not in good agreement with experimental observations. However, discrete phase model showed more realistic transverse contraction. Nevertheless, transverse contraction observed in discrete phase model started to deviate from experimental results as shown in Fig. 14b .
The potential reason for this deviation is that some of the fibres were along MD which braces the nonwoven structure against transverse contraction. Due to the stiffer structure of the composite bond points, stresses were more concentrated in these regions. Each bond point had its own pattern of stress distribution depending upon the initial orientation of fibres connected to it and the position of bond point during deformation of the fabric. In general, strong stress concentration at bond points' edges perpendicular to the loading axes was observed.
The variation in stresses in composite bond points according to their position and orientation of fibres connected to them was studied for the first time using this simulation strategy. Although, failure of bond points during in-plane fabric's deformation is not very frequent, however, it is crucial for the load-bearing capacity of nonwovens. Since several fibres are connected to each bond point. Thus, it is important to understand the stresses and strains in bond points.
Additionally, the discrete phase model can be used to predict the distribution of stresses in fibres of the fabric. Such a distribution at 50% extension in MD and CD is given in Fig. 15 . The stresses in majority of fibres for CD are very less (ranging from 10MPa to 50 MPa) as compared to those for MD (ranging from 110 MPa to 170 MPa). The reason for this phenomenon is the fabric's microstructure. Since fibres were preferentially aligned along MD, large reorientation of fibres took place, as a result of fabric's extension, before participation in load bearing for CD than MD. Thus, higher stresses in fibres were observed for MD than CD at any level of fabric's extension. The strength, reliability and durability of nonwoven structure can be improved by modifying the ODF in a way to obtain more uniform stress distribution. As discrete phase models provide information on fibres participating in load bearing at any level of fabric's extension with distribution of stresses in them, which is very important to produce nonwovens robust enough to withstand mechanical loading during their working life, this modelling strategy can be used to optimise the ODF of the fabric for its better strength and robustness. Moreover, it can provide insight of structure-properties relationship of nonwoven fabric. This information cannot be obtained from a continuous model or form the experiments. The discrete phase model can also be extended to predict the behaviour of multilayer textile composites having bi-component nonwoven as reinforcement, which will be our future work. Due to specific microstructure consisting of composites areas connected by randomly oriented fibres, direct introduction of fibres into the model of fibrous network was adopted in this study.
This greatly facilitated observations of the stress distribution in each composite area of the fabric (bond point). It was found that each composite bond point had its unique pattern of stress distribution, at all levels of fabric's extension, depending upon its position globally in the structure and orientation of fibres connected to it. The performed uni-axial tensile tests were simulated and their results were compared with those obtained with a previous model based on continuum modelling strategy and the experimental data, demonstrating that the new approach is capable to describe the mechanical behaviour of the nonwoven fabric more precisely. It can also provide the quantitative information about distribution of stresses in fibres of the fabric which could never be obtained from continuous models or from the experiments. As this information is very useful to produce more robust nonwoven structures, this modelling strategy can be used by the industry to produce nonwovens aiming for better strength and reliability. Besides, the successful implementation of simulations of bond points as composites demonstrated that the model can be used to predict the behaviour of composites produced by using the bi-component nonwoven fabric as precursors as mentioned in [7] . Finally, the model can be implemented in any commercial FE software capable to deal with orthotropic material properties.
